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Abstract iv
A b st r a c t
Both mechanical and electrical properties of pure silver and silver alloy 
(Ag-0.5%wt. Mg, Ag-0.4%wt. Sb) sheathed multifilamentary Bi-2223 high-Tc 
superconducting tapes are studied in this project by various techniques, with a particular 
focus on outgrowth.
The mechanical properties (such as tensile strength and microhardness) of the tapes 
are improved by sheath alloying due to the effect of the oxide strengthening mechanism 
generated during the sintering stage. The ultimate tensile strength (UTS) of Ag/Ag, 
AgSb/Ag, and Ag/AgMg sheathed tapes are 55.50, 82.02, and 157.45 MPa, respectively. 
The microhardness of Ag/AgMg, AgSb/Ag and Ag/Ag tapes are 127.78, 52, and 41.6, 
respectively.
Silver alloy sheathed tapes show lower critical current (T) degradation when they 
are bent over the critical value. The critical bending strain are 0.48, 0.32, and 0.18% for 
Ag/AgMg, AgSb/Ag, and Ag/Ag sheathed tapes, respectively. The critical current
Abstract v
density (Jc) of silver alloy sheathed tapes is more sensitive to the sintering temperature 
than that of the pure silver sheathed tape. After sintering at 835°C, the tapes sheathed 
with Ag/AgMg had the highest Jc value of 15.56KA/cm2, followed by AgSb/Ag 
(15.28KA/cm2) and Ag/Ag (13.96KA/cm2) sheathed tapes. The Jc of Ag/AgMg tapes 
declines to 12.74KA/cm2 at a sintering temperature of 840°C whereas the other two 
tapes remain at the same values. At a sintering temperature of 845°C, the Jc of AgSb/Ag 
tapes declines to 12.31KA/cm2, and that of Ag/Ag tapes remains unchanged.
Bi-2223 phase transformation was studied by the X-ray diffraction (XRD) 
technique. The results show that silver alloy sheaths do not hinder the phase 
transformation, and the transformation is proportional to the period of sintering. They 
also show that the Bi-2223 phase transformation rate of pure silver sheathed tapes is 
faster than that of silver alloy sheathed tapes and that the transformation is nearly 
complete after the first sintering stage (50 hours) for all tapes.
In the study of outgrowth, several aspects of the factors that may cause this 
phenomenon are considered. This includes the effects of 1) the sintering temperature, 2) 
the sintering period, 3) the intermediate pressing between the two sintering stages in the
heat-treatment, 4) the initial inner surface roughness of the tubes before the powder is
Abstract vi
introduced, 5) the frequency of annealing during mechanical deformation, and 6) the 
drawing speed of the mechanical deformation.
The results show that outgrowth is independent of sintering temperature and 
intermediate pressing. Changes to the sintering temperature have no influence on 
outgrowth density. Intermediate pressing does break up the outgrowths that were 
generated during the previous sintering process, but the outgrowths come back when the 
tapes are subjected to the second sintering stage after the pressing.
Outgrowth is somewhat affected by the period of sintering, the interior surface 
roughness of the packing tube, and the frequency of annealing during drawing. A long 
period of sintering leads to an increase in the width of outgrowths. A rough surface 
creates more outgrowth sites compared with a smooth surface. The amount of 
outgrowth observed in annealed samples is less than that observed in samples that have 
not been annealed.
In the study of the effect of drawing speed on outgrowth, it found that outgrowth is 
strongly dependent on the drawing speed. No outgrowth was found in a pure silver
sheathed tape drawn using a motor that rotates at 10Hz. But 10-15pm long outgrowths
Abstract vii
can be easily found in a tape that was drawn at 20Hz, and abundant outgrowths 5 to 
30pm long are present in a tape drawn at 40Hz. As silver alloys are stronger than pure 
silver, by analogy, silver alloyed sheathed tapes drawn at higher speed will generate 
more outgrowths after sintering than tapes drawn at lower speed.
If outgrowths are formed from liquid flows into fissures, then a) the size of 
outgrowths is related to the period of sintering and the size and number of fissures, b) 
the size and numbers of fissures are determined by the surface roughness and the 
mechanical properties of the sheathing material, and c) it ought to be possible to control 
outgrowth by manipulating the frequency of annealing during mechanical deformation, 
the drawing speed, and the tapes’ mechanical properties.
It is therefore recommended a) to use tubes with smooth interior surfaces for the 
powder-in-tube technique, and b) to apply an adequate annealing schedule in the 
mechanical deformation to minimize outgrowth in pure silver and silver alloy sheathed
Bi-2223 superconducting tapes.
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Chapter 1: Introduction 1
C h a p t e r  O n e : In t r o d u c t io n
Superconductors are materials that not only show no resistance in conducting 
electricity, but also have perfect diamagnetism when they are cooled to a temperature 
that is lower than a critical value, Tc.
Bi2Sr2Ca2Cu30x (Bi-2223) comes from the family of Bi-Sr-Ca-Cu-O (BSCCO) 
superconducting ceramics and is characterized by high critical temperature (Tc), high 
critical current density (Jc), and good critical current behavior in magnetic fields. 
Because of these properties Bi-2223 has great potential for many industrial applications 
when it is used in the form of tapes or wires.
Multifilamentary Bi-2223 superconducting tapes are normally sheathed in pure 
silver, as it is chemically compatible with Bi-2223 at high temperatures and also has 
high plasticity at room temperature, which eases the deformation process. However, one 
drawback of using pure silver as the sheathing material is its low strength. Critical
currents start to decline when a tape is stressed beyond its critical limit in applications
Chapter 1: Introduction 2
such as power cables, and coils for transformers, motors, and magnets. Hence, 
strengthening the pure silver sheath is necessary, and this can be achieved by a small 
amount of alloying with other elements (i.e. using silver alloy sheath instead of pure 
silver sheath).
Tapes sheathed in pure silver and Ag-0.5%wt. Mg and Ag-0.4%wt. Sb alloys are 
used in this project. The mechanical and electrical properties of pure silver and silver 
alloys sheathed tapes are studied, as well as the Bi-2223 phase transformation and the 
microstructures.
Another focus of this project is the outgrowths of crystals, which are commonly 
found in commercial tapes. Outgrowths (if they grow long enough to join the filaments 
together) will degrade the quality of a multifilamentary tape, as a filament linked 
multifilamentary tape is no different from a monofilamentary tape so far as the magnetic 
properties are concerned. Introducing an oxide barrier to prevent linkage between 
filaments (which is a costly and time-consuming process) had been done and is 
successful, however, outgrowth is still exist [1-4]. Therefore, it is highly desirable to 
eliminate outgrowth from multifilamentary tapes, and our focus is on whether
outgrowth can be eliminated by closely controlling some tape processing variables or
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not (i.e. is outgrowth a result of some unsuitable processing settings).
A brief history, fundamental theories about superconductivity, and reviews of the 
literature are presented in the next chapter. The experimental methods used in tape 
fabrication and characterizations of the properties are covered in Chapter Three. Chapter 
Four presents the results with some discussion about the behavior of pure silver and 
silver alloy sheathed tapes and also the relationships between outgrowth and some
processing parameters.
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C h a p t e r  T w o : L it e r a t u r e  R e v ie w
2.1 Superconductivity
Superconductivity was first discovered by Heike Kamerlingh Onnes in 1911 when 
he found that the resistivity of mercury dropped to zero when it was cooled in liquefied 
helium at 4 .IK  [5,6]. The special temperature at which the resistivity of a material 
suddenly drops to zero is named the transition temperature or the critical temperature, 
Tc, as illustrated in Figure 2.1.1 [5,6]. This zero resistivity (p = 0 for all T < Tc) is just 
one of a superconductor’s two unique properties.
Perfect diamagnetism (also known as the Meissner effect) is another fundamental 
property of superconductivity and was discovered by Meissner and Ochsenfeld in 1933 
[5,7]. They found that magnetic flux will penetrate into a superconductor in the normal 
state (T > Tc), but when the material is cooled down to the superconducting state (T < Tc) 
it will be expelled entirely from the interior of the superconductor (i.e. B = 0 inside the
superconductor), as illustrated in Figure 2.1.2. Note that this perfect diamagnetic
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Figure 2.1.2. An illustration of the normal state and the Meissner state.
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property can be destroyed by a sufficiently large magnetic field [5-7],
2.2 Type-I and Type-II Superconductors
Alexei Abrikosov, in 1957, found that some superconductors show very different 
behaviors under an external magnetic field and hence separated superconductors into 
two categories: type-I and type-II superconductors [5-7]. Any superconductor that 
shows one critical field, the magnetic field required to destroy the perfect diamagnetic 
phenomenon, is categorized as a type-I superconductor. Type-II superconductors, in 
contrast, have two critical fields: the lower and upper critical fields, Hci and H^. Below 
Hci, the applied magnetic flux is fully expelled, and so the type-II superconductors act 
just like type-I superconductors. When the applied magnetic field is greater than Hci, the 
superconductor is partially penetrated by the flux. This region, between Hci and HC2, is 
known as the mixed state. As the strength of the field increases to the upper critical field, 
Hc2, the material loses its superconductivity [5-8].
2.3 Microscopic Theory of Superconductivity
In 1957, John Bardeen, Leon Cooper and Robert Schrieffer proposed a famous
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microscopic theory of superconductivity which describes how pairs of electrons formed 
below Tc and explains why there is no dissipation of electricity in superconductors 
[9,10]. This theory, which is also known as BCS theory, is valid for low-Tc 
superconductors (LTSCs), and partly correct for high-Tc superconductors (HTSCs) [5], 
but there are still some unsolved questions that remain.
The theory proposes that, in superconducting materials at any temperature below 
Tc, the electricity is conducted by highly correlated pairs of electrons which are known 
as Cooper pairs. A pair of electrons is formed when an electron is attracted by a 
distortion in the lattice of positive ions that is caused by the passage of a previous 
electron, and thus pairs with the electron that caused the distortion. Note that these two 
electrons have the same quantity of momentum but spin opposite to each other. If there 
is an interaction between pairs of electrons, scattering occurs and the momenta of the 
electrons change. However, scattered electrons can immediately find other electrons to 
form new Cooper pairs, and hence the overall scattering does not affect the conductivity. 
The attraction will never cease and electrons continually move in a coherent direction 
[7]. The distance between the two electrons forming a Cooper pair is called the 
coherence length, [8]. Note, also, that if there is extra energy supplied from outside
that is sufficient to de-pair the pairs of electrons, then the superconductivity decreases as
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the electrons start to scatter off each other. The critical current density, Jc, is the 
maximum current density that can be attained without triggering de-pairing [7].
2.4 High-Tc Superconductors and Their Applications
Since Georg Bednorz and Klaus Alex Muller found that LaBaCuO ceramics show 
superconductivity at about 34 K in 1986 [11], many scientists have devoted themselves 
to research on higher Tc superconductors. A major breakthrough was made in 1987, 
when K. Wu and Paul Chu found that YiBa2Cu307 ceramics have a Tc as high as 92 K 
[12]. It was significant for applications that the transition temperatures of some of these 
ceramic superconductors are higher than the boiling point of liquid nitrogen, since this 
material is much cheaper than liquid helium. Later on, higher Tc superconductors like 
Bi-, T1-, and Hg- cuprate oxides (Tc = 110, 125, and 134K respectively) were found, of 
which Bi-cuprate has the most promise for applications.
2.4.1 YBa2Cu307+8 (YBCO)
The compound YBaiCusCb+g (abbreviated as YBCO or Y-123) was the very first 
basic high-Tc superconductor with a Tc above 77K. The configuration of the Y-123
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crystal structure (CuO/BaO/CuOi/Y/CuC^/BaO/CuO) is a typical layered structure 
[12,13]. Due to its physical and chemical stability, it had a great impact on research and 
industrial applications of superconductivity.
2.4.2 Bi2Sr2Can.iCun0 2n+4+y (BSCCO)
The first Bismuth-based superconductor was discovered by Michel et al [14] at Tc 
= 20K, having the stoichiometry Bi2Sr2Cu06+y (Bi-2201, n = 1). Two other important 
family members with higher Tc, which were later discovered by Maeda et al [15], are 
Bi2Sr2CaCu20g+y (Bi-2212, n = 2) with Tc = 85K, Bi2Sr2Ca2Cu3 0 io+y (Bi-2223, n = 3) 
with Tc = 110K. As illustrated in Figure 2.4.2.1, the crystal structures of these three 
family members are similar: the Cu-O layer in Bi-2201 is replaced by Cu02/Ca/Cu02 in 
Bi-2212, and the Cu02/Ca/Cu02 layer in Bi-2212 is replaced by 
Cu02/Ca/Cu02/Ca/Cu02 in Bi-2223. This suggests that with more conducting layers (i.e. 
Cu-O layers), materials show a higher Tc as the number of electron pairs is increased.
Although Bi2Sr2Ca2Cu3Oio+y (Bi-2223) has the highest Tc among the BSCCO 
family, single Bi-2223 phase was found to be difficult to synthesize. Bi-2223 phase was
found to be always formed together with Bi-2212 phase. This could be a result of




Figure 2.4.2.1. An illustration of the crystal structures of BSCCO superconductors.
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incomplete homogenization due to low diffusion rates in the solid ceramics (because 
one extra C u02/Ca layer is required to be inserted into the crystal structure in order to 
form Bi-2223 from Bi-2212) [8]. However, it was also confirmed that the addition of Pb 
helps the growth of the (2223) phase ‘by widening the temperature range and lowering 
the minimum temperature for liquid phase formation, thus allowing the existence of fast, 
liquid phase diffusion paths’ [16]. Furthermore, addition of Pb improves the 
performance of superconductors as smaller radius Bi ions are replaced by larger radius 
Pb ions resulting in a distortion of the crystal structure bringing the conducting Cu-O 
layers closer to each other. Other methods used to form (2223) phase include: using a 
starting composition that contains excess Ca and Cu, sintering for longer times, and 
sintering in a low oxygen partial pressure [16].
2.4.3 Tl2Ba2Can.iCun02n+4+y (TBCCO) and HgBa2CanCun+i02n+4 (HBCCO)
The structures of Thallium- and Mercury-based superconductors are very similar to 
those of Bismuth-based superconductors. TBCCO was first discovered by Sheng and 
Hermann [18], and has three main superconducting phases: Tl2Ba2Cu06+y (Ti-2201, n = 
1) with Tc = 90K, Tl2Ba2CaCu208+y (Ti-2212, n = 2) with Tc = 110K, and 
Tl2Ba2Ca2Cu3Oio+y (Ti-2223, n = 3) with Tc = 125K. The HBCCO family includes
3 0 0 0 9  0 3 2 7 5 9 9 5  8
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HgBa2C ui04 (n = 0), HgBa2CaCu20 6 (n = 1), and HgBa2Ca2Cu30 8 (n -  2). 
HgBa2Ca2Cu30 8, among all other HTSCs, has been reported [17] to have the highest Tc 
value of 133K at ambient pressure.
2.4.4 Applications of High Tc Superconductors
HTSCs, depending on the properties, can be fabricated into various forms for 
engineering purposes. In small-scale applications, HTSCs can be easily fabricated into 
passive components for microwave applications (i.e. resonators, filters and antennas) 
and small active devices for space applications (i.e. transistors, oscillators and mixers) 
applying their high-frequency properties [13].
The Josephson tunneling effect describes a current that is able to flow across a thin 
layer (<10A) of insulator between two superconductors [18]. In utilizing the Josephson 
effect, HTSCs in the form of thin and/or thick films can be fabricated into a 
superconducting quantum interference device (SQUID) for applications such as remote 
magnetic anomaly detection, portable nondestructive evaluation, portable 
magnetocardiography, and various geomagnetic measurements in an unshielded
environment [13].
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For utilizing superconductors’ zero resistivity at temperatures below Tc, HTSCs 
can be fabricated into bulk form without metal sheathing for applications such as 
interconnects (current leads), and high-field magnets characterized by their large current 
transmission and favourable magnetic properties. HTSCs can also be made into 
metal-sheathed tapes for applications such as power transmission lines, coils for motors 
and generators, and magnetic levitating coils for very fast trains [5].
2.5 High Tc Superconductor Tapes
As mentioned before in connection with both power transmission and magnetic 
applications, superconductors in the form of tapes, ribbons, and/or wires have attracted 
attention, as these configurations can transform the hard and brittle superconducting 
materials into a soft and flexible material. Commonly used high-Tc superconducting 
tapes include YBCO based thin film coated on metals and metal-sheathed 
BSCCO-based tapes. Our work will only focus on the latter as it shows greater potential
for the power industry.
Chapter 2: Literature Review 14
2.5.1 Tape Configuration
Long metal-sheathed superconducting tapes are commonly made by the 
powder-in-tube (PIT) process. The configuration of the superconducting tapes can be 
either single- or multi-filament. In most industrial applications, however, 
multifilamentary tapes are more commonly used than monofilament superconductors. 
This is due to the factor that: 1) a multifilamentary tape is more flexible (i.e. tapes can 
be bent or twisted with less Jc degradation), 2) a multifilamentary tape is more reliable 
as it has more current paths and better heat-sink capability, and 3) a multifilamentary 
tape has less AC loss than a monofilament tape.
2.5.2 Sheathing M aterials
Pure silver is the most commonly used sheathing material for BSCCO tapes 
because it has less effect on phase formation, as shown by Jin et al’s [19] study on the 
addition of noble metals to the BSCCO compounds, and because of high plasticity 
which makes deformation easier. However, its high plasticity also brings disadvantages 
such as low strength in applications. Apperley et al [20] mentioned that one of the
disadvantages of its low strength occurs when a soft sheathed superconductor is used in
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applications (such as power cables and coils for transformers, motors, and magnets) 
where Lorentz forces can cause large hoop stresses along the tape axis and lead to rapid 
decline in the critical current as soon as the tape is stressed beyond its critical limit.
Another weakness of the low strength and stiffness is that it leads to less density 
and less uniformity (well known as “sausaging”) in superconducting cores in the final 
tapes after the heat treatment and the mechanical deformation. Akimov et al [21] 
mentioned that it becomes fairly difficult to obtain a high density and uniform 
superconducting core if the sheath does not possess sufficient strength. However, 
alloying the pure silver sheath provides one solution to transforming its ductility, as 
Goretta et al [22] have shown that silver even with 99.9% purity is slightly stronger than 
that with 99.999%: i.e. impurity will improve strength.
Alloy strengthening mechanisms includes solid solution strengthening, and 
precipitation strengthening [20,23]. In the former mechanism, the alloying elemental 
atoms replace some of the solvent atoms in the lattice leading to lattice distortion (due 
to the difference in atomic size). This obstructs the movement of dislocations and hence 
reinforces the matrix. The latter mechanism, on the other hand, generates extremely
small particles finely dispersed over the matrix to hold back the dislocation movement.
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Because the dispersed particles will be oxidized during the long sintering stage, the 
process is also known as the oxide dispersion strengthening.
Both mechanisms can coexist in a silver sheath. The balance depends upon the 
solubility of the alloying elements in silver as excessive alloying leads to precipitation. 
Goretta et al [22] have reported that it is more beneficial to have both of the two 
strengthening mechanisms rather than solid solution strengthening alone.
Alloys that have already been used in sheathing include: AgNiMg (0.2~0.5at.% for 
both Ni and Mg) [24-26], AgMn [19], Ag-7~10at.% Mg [27,28], AgCu with up to lat% 
Ti, Zr, Hf, or Au [28], Ag-1.2at.% Mg [22], Ag-0.2~0.5wt.% Mg [20], and Ag-0.18wt.% 
Ni-0.05wt.% Y, and Ag-0.02wt.% Zr-0.02wt.% Al [21]. All of them show improvement 
in tensile stress, and some references have even shown improvements in the relative 
critical current (yico) as a function of bending.
Note that because other materials apart from pure silver have been found to have 
had reactions with the BSCCO superconducting cores during the heat treatment [19,29], 
an alloyed silver sheath has been recommended for use as the outer sheathing material
and pure silver as the inner sheathing material [20]. In this arrangement, reactions are
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avoided by the use of the inner pure silver sheath, and the tape strength is enhanced by 
the outer alloy sheath.
2.6 Effect of Bridging on BSCCO High Tc Superconducting Tapes
Multifilamentary architecture in superconducting tapes is one of the most 
important factors in reducing AC loss for industrial applications. The underlying 
principle for industrial use low loss multifilamentary silver or silver alloy sheathed 
superconducting tapes is efficiently sharing out the applied AC current among all the 
filaments via their large metal/ceramic interface [30,31]. However, the presence of 
bridging in between filaments degrades tape performance [1,31,32]. When filaments 
inside a tape are bridged to each other, current in an individual filament will flow 
through the linked outgrowth of superconducting material. Hence the tape shows the 
same magnetic behavior as a single filament tape, which makes the multifilamentary 
design useless [31,32]. It is therefore necessary to isolate the filaments.
Many attempts have been made to isolate the filaments by introducing an 
insulating oxide barrier [1-4]. Oxide barriers that have been studied include BaZr03,
SrC 03, C e02, and YSZ. The method does stop the outgrowths from growing through
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the barriers and forming linkages between filaments, but this solution is costly and 
time-consuming, and outgrowth still exists.
More work is thus required in terms of preventing the initiation of outgrowths in 
the first place. Reports of varying deformation process to manipulate outgrowth do not 
occur in the literature. Therefore, the object of this work is to study the actual effect of 
deformation processing in order to find out the reasons for outgrowth, and then make it
possible to avoid its disadvantages.
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C h a p t e r  T h r e e : E x p e r im e n t a l  M e t h o d s
The experiment I work consist of three main parts: fabrication of the pure silver 
and silver alloy sheathed multifilamentary BSCCO green tapes, tape heat treatments, 
and characterization of the tapes, as represented in Figure 3.1.
It should be noted that the tape processing described in the next section only refers 
to two green tapes, BSCCO/AgSb/Ag, and BSCCO/Ag/Ag, fabricated by ISEM, 
University of Wollongong. Although three other green tapes, BSCCO/Ag/Ag, 
BSCCO/Ag/AgMg, and BSCCO/AgSb/Ag, fabricated by Metal Manufactures Ltd. 
(MM) were also made by the Powder-in-tube (PIT) technique described later, the details 
of their mechanical deformation are different. Details of all the experimental tapes are 
listed in Table 3.1.
The fabrication of the multifilamentary superconducting tapes consists of the 
following processes: 1) filament fabrication, which includes tube (inner sheathing 
material) cleaning, powder packing, degassing, drawing, and annealing; 2) 
multifilamentary tape fabrication, which involves tube (outer sheathing material) 
cleaning, filament packing, drawing, annealing, and rolling.
In the heat-treatment stage, BSCCO powder is transformed into ceramics. The 
whole process involves two sintering stages with one intermediate pressing. In order to 
observe whether outgrowth will be affected by pressing, the first sintering stages were




































lc measurement vs. bending radius
lc against reduction rate
Critical current density (Jc) calculation
Phases Identification by X-ray 
Diffraction (XRD)
Microstructural Observation by 
Scanning Electron Microscopy 
(SEM)
Figure 3.1. A generalized overview of the experiments.
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Table 3.1. Details of the experimental tapes.












Number 1 2 3 4 5 6 7 8 9 10
Green Tape Fabricator Metal Manufactures Ltd. (MM) ISEM, UoW
Fabrication
Inner Surface Polishing * *
Drawing Speed (Motor 
rotating frequency: Hz)
2.5 10 20 40
Frequent Annealing * *
Heat-treatment
1st Sintering Stage (1SS) 
(50hrs)
* * * * * * * * * *
Divided 1SS (142332 Series) * * *
Divided 1SS (21348 Series) * *
Intermediate Pressing * * *
Reduction Rate Pressing *
2nd Sintering Stage (2SS) 
(50hrs)
* * *
Extend 2SS (200hrs) * * *
Phase Study
XRD Pattern * * *
M echanical & Electrical M easurements
Tensile Testing * * *
Microhardness * * *
Ic against Bending Radius * * *
Jc Measurement * * *
Ic against Reduction Rate *
M icrostructure Observation
SEM * * * * * * * * * *
* performed.
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deliberately divided into two or three sub-sintering-stages.
The experiments characterizing the physical, chemical and electrical properties 
include: tensile testing, microhardness measurements, critical current (Ic) measurements 
(includes Ic measurement against bending test, Ic measurements against reduction rate, 
and critical current density (Jc) calculation), phases identification by x-ray diffraction 
(XRD), and microstructural observations by scanning electron microscopy (SEM).
3.1 Multifilamentary Tape Fabrication
3.1.1 Tube Preparation
Although in some of the multifilamentary tapes the outer sheathing material is 
different from the inner one, they were all prepared (before packing) by the same 
method which is described as follow. Pure-silver and/or silver alloy tubes with 10.0mm 
outer and 8.0mm inner diameter were first cut into pieces approximately 120mm long.
The interior surface of some tubes was tarnished intentionally by abrasive papers 
so that the effect of inner surface roughness on outgrowths could be studied. All tubes 
were then polished with Silvo (a silver polishing liquid contains Methylated Spirit 
(280g/l) and Ammonia (6g/l)) and ethanol to remove contamination. One end of each 
tube was closed using a lathe tool. All of the tubes were then cleaned by submerging 
them in an ultrasonic-cleaning device filled with ethanol for 15 minutes and dried 
afterwards at 300°C in a furnace for 30 minutes to bum out contamination and soften
the tubes.
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3.1.2 Packing
In fabricating the filaments, BSCCO powders provided by Merck were transferred 
into the cleaned tubes by the so-called pour-and-tap method. A small amount of the 
powders was poured into the open end of the tube and compacted by tapping the bottom 
of the tube against the benchtop several times. This process was repeated until the tube 
was filled with about 6g powder to about 10mm below the open end. A previously 
prepared silver coil was inserted into the tube to cover the open end and prevent powder 
from pouring out during handling. The open end of the tube was deformed into a funnel­
like shape by a lathe, and then heated in a 750°C furnace for 0.5 hours to release the 
gases absorbed by the tube and the powder. The degassed tubes were then sealed and 
were ready for drawing into monofilamentary wires.
After the filaments were made, they were cut into sections approximately 
50~80mm long, bundled, and closely repacked into pre-cleaned tubes prepared as 
described in Section 3.1.2 to form the outer sheath. The multifilament-packed tubes 
were covered with silver coils and sealed and were then ready for drawing and rolling 
into tapes.
3.1.3 M echanical Deformation
Two different plastic deformation processes, step-drawing and step-rolling, are 
used in transforming tubes into wires and tapes. First, in the filament making process, 
the powder-packed tubes were step-drawn into thin wires according to the schedule 
listed in Table 3.1.3.1. Annealing at 500°C for 10 minutes was applied to some samples
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Table 3.1.3.1. The drawing schedule used in the wire and tape fabrication.
Die No. Die Diameter ((}>) (mm) Die No. Die Diameter (<j>) (mm)
4 9.18 19 2.77
5 8.50 20 2.52
6 7.86 21 2.30
7 7.20 22 2.15
8 6.60 23 2.01
9 6.15 (Annealing*)
10 5.86 24 1.91
11 5.21 25 1.79
12 4.80 26 1.61
13 4.48 29 1.51
(Annealing*) 1.42
14 4.01 (Annealing*)





* for samples that require frequent annealing.
** tubes containing multifilaments drawn up to here.
Table 3.1.3.2. The rolling schedule used in the tape fabrication.
Pass No. Thickness (mm) Pass No. Thickness (mm)
1 1.40 6 0.40
2 1.20 7 0.35
3 1.00 8 0.30
4* 0.80 9 0.25
5 0.60 Annealing
* drawn multifilamentary tubes start from here.
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to prevent serious breaking from work hardening. Once a wire was drawn, it was wiped 
clean with an ethanol-damped cloth and then annealed again before cutting and 
repacking.
Next, for the multifilament-packed tubes, the step-drawing procedure is same as 
that for the individual filaments. After the drawing was finished, every drawn wire was 
also cleaned and annealed before the step-rolling. Step-rolling is a process that 
transforms a drawn wire into a tape by letting the wire pass through two rollers with a 
preset gap. Table 3.1.3.2 lists the steps applied to the annealed wire. The thickness of 
the final tapes (green tapes) at the end of this processing is approximately 0.25mm.
3.2 Heat Treatments
The heat treatments of the filaments and the tapes generally consist of two 
sinterings with one intermediate mechanical deformation in between (Figure 3.2.1). 
Before sintering, 3~4cm long segments were sectioned from the green tapes. The 
segments were then transferred onto an alumina plate and were sintered in a box furnace 
in an ambient air atmosphere.
The samples were sintered in air, initially heated from room temperature to 795°C 
with 3°C increments per minute, and then heated to the sintering temperature 
(830~850°C) with 1°C increments per minute. The samples were held at the sintering 
temperature for 50 hours. The temperature was reduced to 815°C with 3°C decrements 
per minute after the sintering period. The temperature was then reduced to 500°C with 
3.5°C decrements per minute, and the samples were finally furnace cooled to room
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Heat-treatm ent Patterns
Full sintering (X=835, 840, & 845) 
X°C 50hr 0.25°C/m
0.25 C/m
1st Sintering Stage Intermediate 2nd Sintering Stage 
Pressing
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840°C
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Figure 3.2.1. Heat treatment patterns of Bi-2223 tapes.
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temperature.
The first stage sintered samples were then mechanically pressed by a hydraulic 
machine at about IMPa between two hardened steel dies for 15 seconds. During the first 
sintering period, the cores of the tapes underwent a major phase transformation from Bi- 
2212 to Bi-2223. However, due to the phase transformation, the tape cores also became 
porous, and the grains were largely misaligned. Therefore, the intermediate deformation 
step was necessary to densify the tape core and at the same time improve the alignment 
of grains [8].
After the pressing, the samples were sintered again with the same heating 
processing described before except, that there was an extra hold period at 815°C for 40 
hours (Fig. 3.2.1). The second stage sintering process was conducted to cure the cracks 
generated during the intermediate mechanical deformation. It also enhances the grain 
growth and in particular, the connectivity between Bi-2223 grains [8]. Refer to Table 3.1 
for more details of all the experimental samples. Notice that there are two “divided” 1st 
sintering stages (Fig. 3.2.1). The main purpose of dividing the 1st sintering stage (50 
hours) into many shorter sintering stages (overall sintering period is still 50 hours) is to 
observe whether outgrowth will be controlled by intermediate pressing.
3.3 Characterization
The characterization techniques used include tensile testing, microhardness 
measurements, critical current and critical current density measurements, x-ray 
diffraction techniques, and scanning electron microscopy.
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3.3.1 Tensile Test
The tensile test was performed by an Instron tensile testing machine. Three 4cm 
long sintered samples from each experimental treatment were used with a gauge length 
of 20mm. The load cell used for both Ag/Ag and AgSb/Ag sheathed tapes is 100N, and 
for Ag/AgMg sheathed tapes is 1000N as 100N load cell is unable to break the tapes. 
The extension rate is set to lmm/min for all samples. The data was collected by the 
computer once the testing started.
3.3.2 M icrohardness Measurements
The microhardness testing was performed on a Leco M-400-H1 Vickers 
microhardness tester at lOg load. The samples were first mounted in epoxy resin and 
then polished down to 1pm. The hardness of the sheath was then measured from the 
edge of the tape towards the core/sheath interface in the transverse direction of the tapes.
3.3.3 Critical Current and Critical Current Density Measurements
In this section, four relative measurements were conducted together. They are 
critical current (Ic ), k  against bending radius, Ic against reduction rate, and critical 
current density (Jc) measurements.
The Ic of the samples was measured by using the four-probe technique [8,10]. A 
sample was placed on a specially designed sample holder (Figure 3.3.3.1) with four 
leads connected to the surface of the sample. The current was supplied and controlled







Figure 3.3.3.1. (a) A sketch of the sample holder and the experimental set-up, and (b) an 
enlarged view of the four-probe electrical circuit.
Table 3.3.3.1. Radii used in F measurement as a function of bending.
Bend No. Radius (mm) Bend No. Radius (mm)
1 101.00 9 17.00
2 76.00 10 13.50
3 55.00 11 11.00
4 36.00 12 8.00
5 31.00 13 5.00
6 28.00 14 4.00
7 24.00 15 2.75
8 20.00
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by a Hewlett Packard 6672A System DC Power Supply which was connected to the two 
outside leads, and the potential difference was measured between the two inner leads by 
a Keithley 196 System Multimeter. The distance between the two inner leads is 10mm. 
Before the measurements, the sample and the sample holder were submerged in a 
container filled with liquid nitrogen (77K). The power supply was operated in a constant 
current mode during the measurement of Ic. After the temperature was stabilized (which 
can be observed by noting an absence of potential variation read from the multimeter), 
the current was steadily increased, and the critical current Ic was obtained when the 
potential difference of I jiV criterion was met.
In the measurement of Ic against the bending radius, a sample was first bent to the 
required radius by using a pipe with the required radius to push the sample against a 
sponge with sufficient stiffness. The bend sample was then carefully flattened for Ic 
measurement. This bend-and-straighten method (or called one-way bend test) is wide 
used and can be found elsewhere [20, 33-34]. The bending radii are listed in Table 
3.3.3.1.
Ic measurements as a function of the reduction in the thickness of the AgSb/Ag 
sheathed tapes performed during the intermediate pressing were also conducted. The 
reduction rate was intended to vary between 0 and 35% with a 5% increment. After the 
pressing, the tapes were sintered again, and T was measured after sintering.
The Jc in A/cm2 of the samples was calculated by dividing the measured Ic by the 
average cross-sectional area of the ceramic cores observed under an optical microscope.
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3.3.4 X-ray Diffraction (XRD)
X-ray diffraction analyses were used for the identification of the phases present in 
the samples. The samples were analyzed by cutting a 10mm long segment from each 
sintered sample. The edges of the segment were trimmed with a cutter until the core was 
reached. The two layers were separated with tweezers and a blade, and two pieces of 
thin superconducting ceramic on silver tape were obtained. The two pieces of the 
sample were then mounted on the sample holder and flattened with a small piece of 
glass to produce a flat surface and give an accurate x-ray reading.
The analyses were performed using a Philips PW 1730 X-ray Generator and a 
computer system to collect the data. The voltage was set to 40kV and the current was set
to 20mA to give 800W of power. The radiation used was CuKa (A, =  1.540562 A). The 
analyzing angles (20) range from 5° to 55° with 0.02° increments per step and a 17min 
scanning speed.
3.3.5 Scanning Electron Microscopy (SEM)
Scanning electron microscopy was used to examine the microstructures of the 
superconducting tapes, and was performed by using a LEICA Stereoscan 440 scanning 
electron microscope.
A new method has been developed here for the SEM sample mounting. SEM 
samples were first prepared by cutting two ~7mm long pieces from each individual 
green tape: one for cross-sectional and the other for longitudinal observation. The cut
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samples were then mounted on a small piece of transparent sheet (same size as a resin 
holder) by superglue, and later transferred onto a resin holder.
Compared with the conventional mounting method, which uses clips to hold the 
samples, the new “superglue” method has some advantages. First, clips can easily twist 
or bend the samples and lead to sample distortion, whereas the samples held by the 
superglue do not have this problem, as there is no force squeezing the samples. Next, 
the samples are normally thin and small (w = ~3mm), especially when longitudinal 
samples are clipped, the usual clips are too large and generally inadequate, whereas the 
superglue can easily hold samples of any size and in any direction. Furthermore, one 
clip can only hold a maximum of 6 pieces and one resin holder can only hold a 
maximum of two clips, allowing only 6 pairs of samples to be observed with any one 
sample holder =  30mm), whereas up to 17 pairs of samples can be put onto one resin 
sample holder by the superglue method.
After the glued samples were transferred onto the holder, epoxy resin mixed with 
hardener at a ratio of 25:3 was poured onto the holder. After the resin was set, the 
mounted samples were polished by 400, 600, 800, 1200, and 2400 grade SiC grinding 
papers. The samples were further polished on 6pm and ljitm diamond embedded pads. 
Optical microscopy was employed between each stage to ensure that the surface was 
properly polished. Before examination, the polished samples were coated with a thin 
layer of gold by plasma deposition.
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C h a p t e r  F o u r : E x pe r im e n t a l  R esu lts a n d  D isc u ssio n
4.1 Mechanical and Electrical Properties of Ag/Ag Alloy Sheathed Tapes
The mechanical and electrical properties of heat-treated pure silver and silver 
alloys sheathed tapes were studied in this section.
The tensile testing results (Figure 4.1.1) were revealed by plotting the stress (a) 
against the strain (e). The dimension of the stress is MPa (N/mm2), and that of the strain 
is mm/mm. The ultimate tensile strength (UTS) of Ag/Ag, AgSb/Ag, and Ag/AgMg 
sheathed tapes are 55.50, 82.02, and 157.45MPa, respectively. Hence, the stiffest tape is 
Ag/AgMg sheathed tape followed by AgSb/Ag and then pure Ag sheathed tape. For 
AgMg alloy, such high strength was considered as the effect of the oxide dispersion 
strengthening mechanisms and concurs well with the literature [20]. This mechanism is 
defined as there are extremely small and finely dispersed particles over the matrix were 
generated during the heat-treatment to strengthen the material by holding back
dislocation movement. The strengthening mechanism of AgSb alloy is less well
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Figure 4.1.2. Microhardness of the sheathing materials.
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understood and documented. Research for its strengthening mechanism would be an 
interesting topic but is not this project’s concern, and the result does indicates that the 
mechanical properties are improved by a little addition of Sb to a pure Ag sheath.
The figure also shows that Ag/AgMg sheathed tape is much more brittle than the 
other tapes as its strain is about 0.02 mm/mm at the UTS whereas those of Ag/Ag, and 
AgSb/Ag sheathed tapes are 0.16, and 0.25 mm/mm, respectively. Figure 4.1.2 shows 
the microhardness measurements of the sheathing materials. Apperley et al [20] shown 
. that the hardness vary through the transverse direction of the tapes. In this project, the 
variation of hardness through the transverse direction of the tapes is not the main focus. 
The hardness value presented next is an average value of three samples tested and is 
simply to represent that the tapes are strengthened by alloying. The microhardness of 
Ag/AgMg, AgSb/Ag and Ag/Ag tapes are 127.78, 52, and 41.6 Hv, respectively. 
Combined with the tensile testing results, the effect on strengthening of alloying is 
obvious.
Figure 4.1.3 shows the critical bending strain (%) (bend strain = tape 
thickness/(bend radius + tape thickness) [8]) of the tapes where determined by
measuring the critical currents at different bending radii. The results show that critical
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Figure 4.1.3. Relative critical current of the tapes as a function of bending strain.
Jc Measurement
Figure 4.1.4. Values of critical current density of tapes sintered at different 
temperatures.
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current starts to decline when Ag/AgMg, AgSb/Ag, and Ag/Ag sheathed tapes are bent 
at a bend strain of 0.48, 0.32 and 0.18%, respectively, and variations in degradation of Ic 
with the bending radius is a result of cracking of the current transport paths.
Figure 4.1.4 presents the critical current densities (Jc) of the tapes sintered at 835, 
840, and 845°C. Jc is calculated by measured Ic divided by the cross sectional area of the 
tape. Ic is measured by a Keithley 196 System Multimeter, which has maximum 100A 
measuring capacity with ±0.03 A uncertainty.
At 835°C, the tapes sheathed with Ag/AgMg have the highest Jc value of 
15.56KA/cm2, followed by AgSb/Ag (15.28KA/cm2) and Ag/Ag (13.96KA/cm2) 
sheathed tapes. The Jc of Ag/AgMg tapes decreases to 12.74KA/cm2 at 840°C, whereas 
the other two tapes maintain their Ic values. At 845°C, the Jc of the AgSb/Ag tapes 
decreases to 12.31KA/cm2, while that of Ag/Ag and Ag/AgMg tapes is not changed. 
Hence, the Jc of pure silver sheathed tape is insensitive to the sintering temperature 
within this range in contrast to silver alloy sheathed tapes.
For pure silver sheathed tapes, it suggested that at a higher sintering temperature
Bi-2223 phase transformation is more completed than tapes sintered at a lower
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temperature, hence, critical current density is improved by a higher sintering 
temperature [8, 35]. However, how does silver alloys sheaths affect the critical current 
density as a function of the sintering temperature is not well understood, and is also not 
the focus of this project. Sintering at 835°C is preferred for all the tapes as a higher 
sintering temperature does not promote any Jc increment.
Critical currents (Ic) of Ag/AgMg sheathed tapes with various thickness achieved 
in the intermediate pressing between the two sintering stages were carefully measured 
to observed the Ic behavior as function of the reduction rate (Figure 4.1.5). The results 
show that Ic is increased as the reduction rate increases and over around 17% it starts to 
reduce. The graph can be roughly divided into three regions: T increasing zone (0-10%), 
Ic steady zone (10-25%) and T reduce zone (25-35%). Because current transporting is 
related to the grain connectivity and alignment [8]: in the first region, the ceramic grains 
get aligned as the tape gets pressed, and grains are collapsed or broke when the tape is 
over-pressed in the third region. The large Ic steady region indicates a large fabrication 
tolerance in producing a consistent quality of Ag/AgMg sheathed tapes as to have exact 
or very close reduction rate between each fabrication sometimes is difficult due to the 
manufacturing procedures or conditions would vary. Hence, broader the T steady
window more ease to produce consistent quality tapes.
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Reduction rate vs. Ic (Ag/AgMg)
Figure 4.1.5. Critical current against reduction rate of Ag/AgMg sheathed tapes.
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4.2 Phase Study of Ag/Ag Alloys Sheathed Tapes
Pure silver and silver alloy sheathed tapes were studied by the X-ray diffraction 
(XRD) technique. The major peaks for identifying Bi-2223 phase are f00101 at 23.95°, 
[0012] at 28.83°, and [00141 at 33.77°. It is usual to compare the main Bi-2223 peaks 
with the main Bi-2212 peaks in the XRD patterns to estimate the degree of phase 
transformation from Bi-2212 to Bi-2223. The three main peaks of Bi-2212 are [008] at 
23.01°, [0010] at 28.91°, and [0012] at 34.87°. Note that the [0010] peak of Bi-2212 is 
overlaps with the [00121 peak of Bi-2223, so that the comparison can only be performed 
by comparing the other two main peaks.
XRD patterns of Ag/Ag, Ag/AgMg, and AgSb/Ag sheathed tapes sintered at 835, 
840, and 845°C are presented in Figure 4.2.1. They show that the content of Bi-2223 
phase increases and that of Bi-2212 decreases as the sintering temperature is raised for 
both pure silver and silver alloy sheathed tapes. It also shows that the Bi-2223 phase 
transformation from Bi-2212 phase can be completed at a lower sintering temperature 
for AgSb/Ag sheathed tape as the Bi-2212 phase is difficult to distinguish from the other 
phases in the pattern at 835°C. The reason why can AgSb/Ag sheath tape facilitate the
phase formation is unknown.
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Figure 4.2.1. XRD patterns of pure different temperatures sintered silver or silver alloy
sheathed Bi-2223 tapes.
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XRD patterns for the tapes after the first sintering stage were also obtained and are 
presented in Figures 4.2.2, 4.2.3, and 4.2.4. In general, these patterns show that the 
Bi-2223 transformation is proportional to the time. Figures also show Bi-2212 phase 
formed quickly within first 10 hours and still dominates when sintered for 20 hours. 
Bi-2223 form rapidly between first 20 and 30 hours and transformation is completed at 
the end of 50 hours sintering [36].
Tapes sheathed with pure silver show a faster transformation, especially within the 
first 20 hours of sintering (Figure 4.2.3), whereas in silver alloy sheathed tapes the 
Bi-2223 phase becomes dominant after 20 hours sintering time. Note that the Bi-2223 
phase transformation is completed for all the tapes after the first stage of sintering (50 
hours in total) regardless how they were sintered (i.e. 2+10+38, 2+48, 10+40, 20+30, or 
30+20 sintering pattern (divided 1st stage sintering (21348 Series (Fig. 3.2.1))).) when 
compared with the full stage (1st plus 2nd stages) sintered patterns (Figure 4.2.1).
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Figure 4.2.2. XRD patterns of green, 2, 2+10, 2+10+38, and 2+48 hours sintered silver
alloy sheathed Bi-2223 tapes.
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Figure 4.2.3. XRD patterns of green, 10, 20 and 30 hours sintered pure silver and
silver alloy sheathed Bi-2223 tapes.
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Figure 4.2.4. XRD patterns of 10+40, 20+30, and 30+20 hours sintered pure silver and
silver alloy sheathed Bi-2223 tapes.
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4.3 Outgrowth Study by Observation of Microstructure
4.3.1 The Effect of Sintering Temperature
Morphologies of Ag/Ag, Ag/AgMg, and AgSb/Ag sheathed tapes sintered at 835, 
840, and 845°C observed by scanning electron microscopy (SEM) are presented in 
Figures 4.3.1.1,4.3.1.2, and 4.3.1.3, respectively. The images show that outgrowth in all 
the tapes is severe to the point of linking neighboring filaments together. The issue is 
serious particularly in silver alloy sheathed tapes, and this suggested to be the effect of 
the difference of the mechanical properties between the sheathing materials (i.e. pure 
silver and silver alloys). The difference of the mechanical properties has been studied 
and presented in Section 4.1.
The orientation of outgrowths is random, they are with no evidence that growing in 
any favorable directions. The images also show that there is no significant difference in 
the outgrowth density as the sintering temperature ranges from 835 to 845°C.
Outgrowth is, therefore, independent of the sintering temperature.
tl
i
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AgSb/Ag 835?€'
Figure 4.3.1.1. Cross-sectional SEM images of pure silver and silver alloy sheathed Bi-
2223 tapes sintered at 835°C.
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Ag/Ag340°C
1/AgMg 840°C
Figure 4.3.1.2. Cross-sectional SEM images of pure silver and silver alloy sheathed Bi-
2223 tapes sintered at 840°C.
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Figure 4.3.1.3. Cross-sectional SEM images of pure silver and silver alloy sheathed Bi-
2223 tapes sintered at 845°C.
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4.3.2 The Effect of the Sintering Period
Figures 4.3.2.1 and 4.3.2.2 show a series of SEM images of Ag/AgMg and 
AgSb/Ag sheathed tapes sintered for 0, 2, 2+10, 2+10+38, and 2+48 hours in the first 
stage sintering. Figures 4.3.2.3, 4.3.2.4, and 4.3.2.5 show images of the tapes sintered 
with 10, 10+40, 20, 20+30, 30, and 30+20 hours’ schedules. They show that the 
outgrowths appear between the first 2 and 10 hours sintering time and grow larger and 
faster between 10 and 20 hours particularly for the silver alloy sheathed tapes.
Figure 4.3.2.6 shows images of tapes that were sintered for 200 hours at the second 
sintering stage. Compared with the tapes that were sintered for 50 hours at the second 
stage sintering (i.e. Figure 4.3.1.2), the width of outgrowths is generally increased, but 
the density of outgrowths does not vary much. Volkozub et al [32] reported that 
outgrowth is the result of the rapid dissolution of silver into the BSCCO melt, however, 
they do not show that there was an increase in outgrowth density with an increasing 
sintering period. This suggests that outgrowth is dependent on the sintering time, but in
terms of the origin of outgrowth it is clearly a minimal factor.
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2+10hrs
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Figure 4.3.2.1. Longitudinal SEM images of green, 2, 2+10, 2+10+38, and 2+48 hours
sintered Ag/AgMg sheathed Bi-2223 tapes.
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2+48hrs
2+10hrs
Figure 43.2.2. Longitudinal SEM images of green, 2, 2+10, 2+10+38, and 2+48 hours
sintered AgSb/Ag sheathed Bi-2223 tapes.
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4.3.2.3. Longitudinal SEM images of 10 and 10+40 hours sintered pure silver
and silver alloy sheathed Bi-2223 tapes.
Figure
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FiCTure 4.3.2.4. Longitudinal SEM images of 20 and 20+30 hours sintered pure silver
and silver alloy sheathed Bi-2223 tapes.
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Ag/AgMg 30+20hrs
Ag/AgMg 30hrs
Fisure 4.3.2.5. Longitudinal SEM images of 30 and 30+20 hours sintered pure silver
and silver alloy sheathed Bi-2223 tapes.
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Figure 4.3.2.6. Cross-sectional SEM images of 200 hours sintered pure silver and silver
alloy sheathed Bi-2223 tapes.
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4.3.3 The Effect of Intermediate Pressing
Figure 4.3.3.1 shows images of the tapes just before and after the intermediate 
pressing, and Figure 4.3.3.2 shows images of Ag/AgMg sheathed tapes under different 
reduction rates (in tape thickness) achieved during the intermediate pressing. Apart from 
the fact that the density of the cores is increased after the pressing, breakage of 
outgrowths from the cores and outgrowth distortion are also found. Combined with the 
images in Section 4.3.1, which show tapes sintered after the pressing, and also Figures 
4.3.2.1 to 4.3.2.5, which show tapes that were also pressed after each short sintering 
stage, it seems clear that pressing is unable to prevent the re-appearance of outgrowth. 
Note that observing whether pressing will re-align the outgrowth grains or not is the 
main idea behind the division of the first stage sintering (i.e. 2, 2+10, 10, 20, and 30 
hours sintered samples). Intermediate pressing is therefore another ineffective factor in 
manipulating outgrowth.
4.3.4 The Effect of the Tube Interior Surface Roughness
Sumption et al [37] mentioned that in order to eliminate outgrowth, some people
like to burnish the interiors of the tubes before packing as outgrowth is considered as
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Figure 4.3.3.1. Longitudinal SEM images of MM tapes before (N/P) and after (P) the 
intermediate pressing.
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Figure 4.3.3.2. Longitudinal SEM images of 0, 6.5, 18.6, 24.3, and 34.6% reduction
Ag/AgMg sheathed Bi-2223 tapes.
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the result of surface imperfections. However, no one has established a direct 
relationship between the surface condition and outgrowth. The main reason for 
polishing the interior surface is to remove contamination that may affect the phase 
transformation during the sintering.
Hence, in order to figure out the effect of the interior surface roughness of the 
packing tube upon outgrowth, a basic experiment regarding this topic was conducted by 
deliberately roughening the interior surface of an AgSb alloy tube received from MM 
(denoted as polished) with a series of abrasive papers (#600, #800, #1200, and #2400). 
It was drawn with one as-received AgSb alloy tube (denoted as not polished) under the 
methods and schedule described in the previous chapter at a drawing motor rotating 
frequency of 2.5Hz. SEM images of the two tapes after the first stage sintering are 
presented in Figure 4.3.4.1.
Although outgrowth can be found in the sheath-as-received tape, it is insignificant, 
whereas outgrowths in the sheath-polished tape is not only more numerous but also 
longer, larger and more visible. The results are in accordance with what had been 
predicted in the literature as outgrowth could be initialized by the encroachment of 
superconductor into internal facial fissures, which appears during drawing as a result of
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Figure 4.3.4.1. Longitudinal (L) and cross-sectional (C) SEM images of AgSb/Ag
sheathed tapes drawn at a drawing motor frequency of 2.5Hz with (P) 
and without (NP) inner-surface-polishing and with (FA) and without 
(NF) frequent annealing during drawing.
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surface imperfections [12]. The origin of outgrowth is therefore strongly related to the 
interior surface roughness. Note that in this study it shows that even though the interior 
surface is not roughened deliberately, outgrowth is still not totally preventable. Hence, 
there must be some other factors influencing the outgrowths.
4.3.5 The Effect of Frequency of Annealing
Effects on outgrowth of varying the frequency of annealing during the mechanical 
deformations were also studied. The not-roughened AgSb/Ag tape described in the 
previous section was compared with an as-received AgSb/Ag sheathed tape fabricated 
with no annealing in both single- and multi-filament drawing. Images (Figure 4.3.4.1) 
show that the amount of outgrowth in the latter is slightly more than that of the former. 
This shows that outgrowth is dependent on the annealing frequency during drawing and 
also the sheaths’ mechanical properties which have a direct relationship with the 
heat-treatment history.
4.3.6 The Effect of Drawing Speed
Effects of the drawing speed upon the properties of the superconducting cores were
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studied by Hu et al [38], but, the effect on outgrowth was not shown. From the previous 
sections, it appeared that the factors mentioned before are not totally responsible for 
outgrowth. So three pure silver sheathed tapes with different drawing motor rotating 
frequencies (10, 20, and 40Hz) were fabricated to observe the effect of the drawing 
speed on outgrowth.
One important factor motivating this study was the fact that AgSb/Ag sheathed 
tapes drawn at 2.5Hz showed a much smaller amount of outgrowth compared with 
normal drawn tapes. .
From the results (Figure 4.3.6.1), the amount of outgrowth is increased with 
increasing drawing speed. The 10Hz drawn tape has sausaging and a great amount of 
secondary phases but no outgrowth. In the 20Hz drawn tape, outgrowths 10~15pm long 
can be easily found. In 40Hz drawn tape, outgrowth ranging from 5 to 30pm long can 
be easily found in abundance.
If the appearance of outgrowth is related to the drawing speed of pure silver 
sheathed tape, by analogy, it is also likely to be true for silver alloy sheathed tapes. 
Apart from what had been noted previously (i.e. for the distinction between the SEM
Chapter 4: Experimental Results and Discussion 64
images of AgSb/Ag tapes drawn at 2.5Hz and at normal speed), another reason is that 
the silver alloys are harder and stronger than pure silver. As silver alloys’ ductility is 
lower, fissures or micro-cracks can be readily generated from surface imperfection sites 
when a larger drawing force is applied. It is necessary to reduce the drawing speed to 
minimize outgrowth, and for silver alloys sheathed tapes the recommend drawing speed 
is not too fast, such as around 2.5Hz. However, it needs to be remembered that 
outgrowth is not simply due to any individual variable, but to a combination of many
variables.
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Ag/Ag 20Hz
Ag/Atj 10Hz
Figure 4.3.6.1 Longitudinal SEM images of pure silver sheathed tapes drawn at 
drawing motor frequency of 10, 20 and 40Hz.
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C h a p t e r  F iv e : C o n c l u s io n
Mechanical, electrical and outgrowth properties of Ag/Ag, Ag/Ag0.5%wt. Mg, and 
Ag0.4%wt. Sb/Ag sheathed multifilamentary Bi-2223 high-Tc superconducting tapes 
are studied in this project.
Silver alloy sheathed tapes show better mechanical performance than pure silver 
sheathed tapes due to the effect of the oxide strengthening mechanism generated during 
the sintering stage. Tape strength is enhanced by AgMg and AgSb alloy sheaths. 
Resistance to critical current (Ic) degradation due to bending is also enhanced by using 
silver alloy sheaths. It is found that when sintered at 835°C the critical current density 
(Jc) of silver alloy sheathed tapes is higher than that of pure silver sheathed tape. 
Ag/AgMg sheathed tape has the highest Jc value of 15.56KA/cm2 at 77K. The Jc of 
silver alloy sheathed tapes is sensitive to the sintering temperature, however, whereas 
the Jc value of pure silver sheathed tape is insensitive to the temperature.
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In the phase study by X-ray diffraction, results show that the rate of Bi-2223 phase 
transformation in pure silver sheathed tapes is a bit faster than that of silver alloy 
sheathed tapes within first 30 hours, but the transformation is nearly complete after 50 
hours sintering for all tapes with pure silver and silver alloys sheathes. Hence, silver 
alloys do not hinder Bi-2223 phase transformation.
In the study of outgrowth, results show that outgrowth is independent of sintering 
temperature and intermediate pressing, as varying these two factors does not prevent or 
reduce the occurrence of the outgrowth.
Outgrowth is somewhat affected by the period of sintering, the interior surface 
roughness of the packing tube, and the frequency of annealing during drawing. A long 
period of sintering leads to an increase in the width of outgrowth. A rough surface 
creates more outgrowth sites compared with a smooth surface. The amount of 
outgrowth observed in the annealed samples was also less than in the non-annealed 
samples. Hence, an appropriate annealing technique is necessary to minimize
outgrowth.
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Finally, in the study of the effect of drawing speed on outgrowth, it found that 
outgrowth is strongly dependent on the drawing speed. No outgrowth was found in a 
pure silver sheathed tape drawn with a motor frequency of 10Hz, but 10~15jum long 
outgrowths can be easily found in the tape drawn at 20Hz, and abundant outgrowths 5 
to 30jnm long are present in a 40Hz drawn tape.
In conclusion, it seems that outgrowth is formed from liquid flows into fissures. 
The size of outgrowth is related to the period of sintering and the size and numbers of 
fissures. The size and numbers of fissures are determined by the surface roughness and 
the mechanical properties of the sheathing material. It is thus possible to control 
outgrowth by manipulating the frequency of annealing during mechanical deformation, 
the drawing speed, and the mechanical properties of the tapes.
It is therefore recommended a) to use tubes with smooth interior surfaces for 
packing, and b) to apply an adequate annealing schedule in the mechanical deformation 
to minimize outgrowth in pure silver and silver alloy sheathed Bi-2223 superconducting
tapes.
References 69
R e f e r e n c e s
[1] J. Everett, G  Perkins, A.V. Volkozub, A.D. Caplin, M. Dhalle, A. Polcari, F. Marti, 
Y.B. Huang, and R. Flukiger, P h y s .  C  310, p.202 (1998)
[2] Y.B. Huang, and R. Flukiger, P h y s .  C  294, p.71 (1998)
[3] W. Goldacker, M. Quilitz, B. Obst, and H. Eckelmann, P h y s .  C  310, p.182 (1998)
[4] W. Hassler, M. Schibert, C. Rodig, V. Haas, M. Leghissa, and Th. Berthold, I E E E  
T r a n s .  A p p l .  S u p e r c o n .  11, p.2951 (2001)
[5] M. Cyrot, and D. Pavuna, I n t r o d u c t i o n  t o  S u p e r c o n d u c t i v i t y  a n d  H i g h - T c  
M a t e r i a l s , World Scientific Pub. Co. Pte. Ltd., USA, 1992.
[6] V.Z. Kresin, and S.A. Wolf, F u n d a m e n t a l s  o f  S u p e r c o n d u c t i v i t y ,  Plenum Press, 
New York, 1990.
[7] A.C. Rose-Innes, and E.H. Rhoderick, I n t r o d u c t i o n  t o  S u p e r c o n d u c t i v i t y , 2nd Ed., 
Pergamon Pub., UK, 1978.
[8] Y.C. Guo, P h D  T h e s i s : I n v e s t i g a t i o n  o f  S i l v e r - C l a d  (B i , P b ) 2S r 2C a 2C u 301o 
H i g h - T c  S u p e r c o n d u c t i n g  C o m p o s i t e s , UNSW, 1994.
References 70
[9] J. Bardeen, L.N. Cooper, and J.R. Schrieffer, P h y s .  R e v .  106, p.162 (1957)
[10] J. Bardeen, L.N. Cooper, and J.R. Schrieffer, P h y s .  R e v .  108, p. 1175 (1957)
[11] J.G. Bednorz, and K.A. Mueller, P h y s .  B  64, p. 189 (1986)
[12] M.K. Wu, T.R. Ashburn, C.J. Tomg, P.H. Hor, R.L. Meng, L. Gao, Z.J. Huang, 
Y.Q. Wang, and C.W. Chu, P h y s .  R e v .  L e t t .  58, p.908 (1987)
[13] Editor: H.S. Nalwa, H a n d b o o k  o f  A d v a n c e d  E l e c t r o n i c  a n d  P h o t o n i c  M a t e r i a l s  
a n d  D e v i c e s , Vol. 3, Academic Press, USA, p.2 (2001)
[14] C. Michel, M. Herviev, M.M. Borel, A. Grandin, F.Deslands, J. Provost, and B. 
Raveau, P h y s .  B  68, p.421 (1987)
[15] H.Maeda, Y. Tanaka, M. Fukutomi, and T. Asano, J p n .  J .  A p p l .  P h y s .  27, L206 
(1988)
[16] Y.C. Guo, P h D  T h e s i s , UNSW, 1994, pp.93-94.
[17] A. Schilling, O. Jeandupeux, S. Buchi, H.R. Ott, and C. Rossel, P h y s .  C  235, 
p.229 (1994)
[18] C. Kittel, I n t r o d u c t i o n  t o  S o l i d  S t a t e  P h y s i c s ,  7th Ed., John Wiley & Sons, Inc., 
USA, p.366 1996
References 71
[19] S. Jin, R.C. Sherwood, T.H. Tiefei, G.W. Kammlott, R.A. Fastnacht, M.E. Davis, 
and S.M. Zahurak, A p p l .  P h y s .  L e t t .  52(19), p.1628 (1988)
[20] M.H. Apperley, R. Zeng, R Darmann, and G McCaughey, C r y o g e n i c s  40, p.319
(2000)
[21] LI. Akimov, A.K. Shikov, T.P. Krinitsina, S.V. Sudareva, E.P. Romanov, and L.V. 
Budanova, P h y s .  C  328, p.125 (1999)
[22] K.C. Goretta, J.L. Routbort, R.L. Thayer, J.P. Carroll, J. Wolfenstine, J. Kessler,
. and J. Schwartz, P h y s .  C  265, p.201 (1996)
[23] W.D. Callister, Jr., Ch7, M a t e r i a l s  S c i e n c e  a n d  E n g i n e e r i n g :  A n  I n t r o d u c t i o n , 4th 
Ed., John Wiley & Sons, Inc., USA, 1997
[24] J. Tenbrink, M. Wilhelm, K. Heine, and H. Krauth, I E E E  T r a n s .  A p p l .  S u p e r c o n .  3, 
p.1123 (1993)
[25] K. Nomura, J. Sato, S. Kuma, H. Kumakura, K. Togano, and N. Tomita, A p p l .  
P h y s .  L e t t .  64, p.912 (1994)
[26] J.A. Parrell, S.E. Dorris, and D.C. Larbalestier, A d v .  C r y o .  E n g .  40A, p.193 (1994)
[27] J. Guo, J.A. Lewis, K.C. Goretta, and J. Schwartz, J . A p p l .  P h y s .  78, p.4596
(1995)
References 72
[28] Y. Tanaka, F. Matsumoto, H. Maeda, and M. Ishizula, I E E E  T r a n s .  A p p i .  S u p e r c o n .  
5, p.1158 (1995)
[29] A. Hutten, M. Schubert, C. Rodig, U. Schläfer, and K. Fischer, I E E E  T r a n s .  M a g .  
33 (5 part 1), p.3448 (1997)
[30] U. Welp, D.O. Gunter, G.W. Crabtree, J.S. Luo, V.A. Maroni, W.L. Carter, V.K. 
Vlasko-Vlasov, and V.L Nikitenko, A p p l .  P h y s .  L e t t . ,  p.1270 (1995)
[31] A.V. Volkozub, A.D. Caplin, Y.B. Huang, R. Flukiger, G  Grasso, H. Eckelmann, 
M. Quilitz, and W. Goldacker, P h y s .  C  310, p.159 (1998)
[32] A.V. Volkozub, J. Everett, G. Perkins, P. Buscemi, A.D. Caplin, M. Dhalle, F. 
Marti, G. Grasso, Y.B. Huang, and R. Flukiger, I E E E  T r a n s .  A p p l .  S u p e r c o n .  9, 
p.2147 (1999)
[33] J. Horvat, Y.C. Guo and S.X. Dou, P h y s .  C  297, p.10 (1998)
[34] J. Horvat, Y.C. Guo and S.X. Dou, S u p e r c o n d .  S c i .  T e c h n o l .  11 p.1098 (1998)
[35] Z.D. Wang, Z.J. Chen, Y.Q. Zhou, Z.Z. Duan and W.Q. Wang, C r y o g e n i c s  40(11) 
p.681 (2000 Nov)
[36] W.M. Chen, G. Li, H.Y. Ling, P. Yao, H.K. Liu and S.X. Dou, TEM Evidence for
Phase Transformation from Bi-2201 to Bi-2223, unpublished. (2001)
References 73
[37] M.D. Sumption, L.R. Motowidlo, and E.W. Codings, P h y s .  C  291, p.267 (1997)
[38] Q.Y. Hu, Y. Viouchkov, H.W. Weijers, and J. Schwartz, I E E E  T r a n s .  A p p i  
S u p e r c o n .  9, p.1808 (1999)

